Success in the clinic, but against what target?
The programmed death-1 receptor (PD-1), with its counterligands programmed death-ligand 1 (PD-L1) and PD-L2, forms one of the regulatory pathways used by the immune system to keep dangerous immune responses in check (1) . The following discussion will focus mostly on PD-L1, since expression of PD-L2 is more restricted and therapeutic antibodies targeting PD-L2 are less well developed. Many tumor-infiltrating T cells upregulate PD-1 in tumors, and sometimes the tumors themselves overexpress PD-L1. This led to the initial hypothesis that certain tumors might upregulate PD-L1 expression to shield themselves from attack by T cells (2) . Clinical blocking antibodies against both PD-1 and PD-L1 have been developed for cancer immunotherapy and are approved for several indications. In a selected subset of patients, these so-called checkpoint blockade antibodies against the PD-1 pathway can be strikingly successful (3) . Ironically, however, the field is still not certain about the actual mechanism of action of these antibodies.
The PD-1 receptor on T cells modulates the antigen-recognition signal delivered by the T cell receptor (TCR), reducing signal strength and limiting downstream pathways, such as protein kinases Akt and mTOR (1, 4) . Recent reports suggest that a major effect of PD-1 may also be inhibiting the important costimulatory signal delivered via CD28 (5) . PD-1 is transiently expressed during normal T cell activation, but is usually downregulated once the activation is successful (1) . However, if T cells are chronically exposed to high levels of antigen that they cannot clear, they may enter a state of constitutive PD-1 expression and become exhausted and unrespon-sive (6) . This is thought to prevent excessive and prolonged inflammation during chronic infection.
Many tumor-infiltrating T cells show evidence of this exhausted state (6) . However, exhaustion can be fully, or at least partially, reversible if the PD-1 pathway is blocked and the T cells are restimulated (7, 8) . This possibility of reinvigoration is a key point because the T cells that express PD-1 may actually be the most desirable effector cells, i.e., they become exhausted precisely because they recognize tumor antigens (9) . Thus, robust reactivation of exhausted T cells may be an important goal for clinical anti-PD-1/PD-L1 blockade.
To achieve this goal, however, it is important to understand how these blocking antibodies work mechanistically. Historically (2) , it was first assumed that the relevant site of PD-L1 expression was the tumor cells themselves ( Figure 1A ). Seemingly consistent with this model, early clinical trials suggested a higher rate of response in patients whose tumor expressed PD-L1 prior to treatment (10). However, since then it has been shown that PD-L1 expression can be induced in response to inflammatory cytokines such as IFN-γ from activated T cells (11) . Thus, expression of PD-L1 by tumors might simply represent a proxy marker for the level of spontaneous inflammation and T cell activation that existed prior to therapy (12) . Subsequent analysis showed that patients with many activated T cells and high IFN-γ at baseline were indeed more likely to respond to PD-1 pathway blockade (12) (13) (14) . Further, more detailed immunohistochemical analysis hinted that the pattern of PD-L1 expression that most closely predicted patient outcome was not on tumor cells, but on host stromal cells, in particular, PD-L1 expression on DCs and macrophages (13) . Thus, there has been ongoing uncertainty over whether clinical PD-1 pathway blockade actually targeted suppression created by PD-L1 on tumor cells or on some population of host cells. Tumors frequently escape from immune surveillance by hijacking the natural control mechanisms that regulate normal immune responses. The programmed death-1 receptor (PD-1) on T cells normally helps limit excessive immune activation, but it can also suppress beneficial antitumor immunity. In the clinic, blocking either PD-1 or one of its principal counterligands, programmed death-ligand 1 (PD-L1), can lead to dramatic responses in certain patients. Because PD-L1 can be expressed by both the tumor cells themselves and also the host cells, including host immune cells, the actual mechanistic target of therapy has remained unclear. In the current issue of the JCI, two papers, one by Tang and colleagues and the other by Lin and colleagues, used a variety of mouse tumor models to demonstrate that the relevant target for therapy in each case was the PD-L1 molecules expressed by host cells and not by tumor cells. If this finding is generalized to humans, then it would suggest that the tumor persuades the host to actively suppress its own attempted immune response against the tumor cells. jci.org Volume 128 Number 2 February 2018 er, several caveats need to be considered. First, both studies used transplantable mouse cell lines, which may behave differently than the spontaneous, autochthonous tumors found in humans. Second, there might be substantial variation in the role of PD-L1 on the tumor cells, depending on the specific stage of the tumor (17, 18) . For example, the relative importance of tumor PD-L1 may be affected by the inherent immunogenicity of the tumor, and it may also depend on whether the tumor is at an early stage and just beginning to escape immune surveillance or is an established tumor already full of immunosuppressive host cells (19) . Thus, it seems likely that both tumor and host have the potential to contribute to suppression. However, with these caveats in mind, the implied role for host-derived PD-L1 raises several interesting questions, with potential implications for therapy.
New answers raise new questions
Under the earlier paradigm, in which PD-L1 was assumed to be expressed by the tumor itself, PD-L1 was presumed to engage PD-1 on mature effector T cells and inhibit the final killing step ( Figure  1A ). However, both Tang et al. and Lin et al. found that in all of their models, tumors lacking PD-L1 still responded to PD-L1 checkpoint blockade, indicating that PD-L1 expression on tumor cells was not tumors and compared these tumors to those in PD-L1-deficient hosts. As with the Tang study, this study also found that host cells and not tumor cells were the relevant sites of expression for PD-L1. Adoptive-transfer studies further suggested that either DCs or macrophages were the relevant cell types expressing PD-L1. Using human tumor biopsies, the authors found that expression of PD-L1 on DCs and macrophages was a better predictor of clinical response to checkpoint blockade than expression by tumor cells. Although this study used only a small number of clinical samples, the results are consistent with those of previous reports from larger studies (13) . Thus, taken together, both studies reached the same conclusion, that PD-L1 expression on host cells, and probably host myeloid cells, may be the relevant mechanistic target for PD-1/PD-L1 checkpoint blockade. If this finding can be generalized to human tumors, then it has important implications, as discussed below. Howev-
Importance of host-derived PD-L1
In this issue, Tang and colleagues (15) used PD-L1-deficient host mice and transplantable tumor cell lines with CRISPR/Cas9mediated deletion of PD-L1 to determine whether the host or tumor was the relevant molecular target for PD-L1 antibody blockade. The results from three different tumor models indicated that the PD-L1 expressed by host cells was crucial, while expression by tumor cells was essentially irrelevant. Since PD-L1 can be expressed on a variety of host cell types, Tang et al. used bone marrow chimera studies to show that the relevant site of host PD-L1 expression appeared to be a myeloid-derived cell population expressing the marker CD11b.
In a second paper in this issue (16) cal bottleneck for reactivation or reversal of unresponsiveness in exhausted T cells. Recent studies suggest that reversal exhaustion by PD-1 blockade is strictly dependent on CD28 signaling in the exhausted T cells (7) . This is an important finding because engagement of CD28 presumably would occur only via B7 molecules on professional APCs. This implies that reengagement with host APCs may be an obligatory step in order for exhausted T cells to become functional again. If, however, these APCs expressed high levels of PD-L1, either in an autocrine or paracrine fashion, then PD-1 signaling might crossinhibit the CD28 signal in the T cells (5) , thus preventing reactivation. All of these possibilities are speculative at present, and they are not mutually exclusive. Host PD-L1 could well play a role at multiple points. But the two studies in this issue suggest an import mechanistic contribution by PD-L1 expressed on host APCs, thus opening up a number of new avenues for further investigation.
relevant. Yet if the relevant site of PD-L1 is actually on host cells, then how does this host PD-L1 create immunosuppression? Additionally, what makes PD-L1 so important on professional antigen-presenting cells (APCs) such as DCs or macrophages? This seems paradoxical because, at least in the traditional understanding of T cell activation, by the time the CD8 + T cells reach the late effector stage in the tumor, they should no longer be dependent on interaction with APCs.
Three possibilities suggest themselves. First, the PD-L1 on host APCs might not be regulating the effector phase at all, but rather controlling the initial priming step ( Figure 1B) . The interaction between host APC and naive T cell is obligatory for priming, which can be influenced by PD-L1 or PD-L2 (1, 20) . Perhaps PD-1 ligation during priming might contribute to the state of fixed unresponsiveness that can be seen in tumor-reactive T cells (21) . However, a fixed unresponsive state, established during initial priming, does not explain the prompt reactivation of at least some exhausted T cells under PD-L1 blockade. Rather, this suggests that the PD-L1 on host APCs creates a tonic, ongoing suppressive signal via an unknown mechanism and keeps effector T cells unresponsive.
This ongoing suppression of effector cells is somewhat difficult to explain because professional APCs in tumors and tumor-draining lymph nodes (TDLNs) make up a fairly small population and cannot be in sustained contact with every effector T cell at all times. This ongoing suppression might be accounted for by the possibility (Figure 1C ) of PD-L1 on host APCs sending an activating signal to a population of suppressive T cells such as CD4 + Tregs. Tregs are very potent (22) , but it is unclear whether PD-L1 expression on host APCs plays a role in creating or maintaining the Treg population in tumors. While this is not the traditional role for PD-L1, such an effect on Tregs has been suggested in some models (23) (24) (25) . Thus, under this scenario, therapeutically blocking the PD-1/PD-L1 pathway might help to destabilize the intratumoral Treg population.
Finally, a third possibility ( Figure  1D ) might be that host APCs form a criti-
